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The perceived relative position of a moving object is frequently shifted as compared to the relative posi-
tion of the object in the real world. The illusions have traditionally been explained by temporal models
that inﬂuence the perceptual latency of visual objects. However, another compelling theory has recently
been proposed on the basis of spatial models that directly inﬂuence the coded location of visual objects.
In this study, spatial models were further supported by three different types of illusions composed of
apparent motions, in which the perceived relative positions of stationary but apparently moving objects
were shifted. One of three illusions was developed as a novel type of illusion in this paper (kebab illu-
sion). The relative position shift of a stationary object suggested that spatial models play important roles
on assignment of position of moving object as well as temporal models. A mechanism that integrated
temporal and spatial models is also discussed.
 2010 Elsevier Ltd. All rights reserved.1. Introduction are processed at different latencies. When the processing latencyThe perceived relative position of a moving object is frequently
shifted as compared to the relative position of the object in the real
world. Such illusory phenomena have been explored for under-
standing how the visual system localizes a moving object (Whit-
ney, 2002). For example, a stationary ﬂashed object is perceived
to lag behind a spatially aligned moving object (the ﬂash-lag effect;
Brenner, Smeets, & van den Berg, 2001; Hazelhoff & Wiersma,
1924; MacKay, 1958; Mateeff & Hohnsbein, 1988; Nijhawan,
1994, 2001; Sperling, 1966; van Beers, Wolpert, & Haggard,
2001), when a moving object appears abruptly from behind a static
aperture, the object’s initial position seems to be shifted in the
direction of motion (the Fröhlich effect; Fröhlich, 1923), and when
a moving object vanishes abruptly, an observer’s memory of the ﬁ-
nal position of the previously viewed moving object is displaced
forward in the direction of motion (the representational momen-
tum; Freyd & Finke, 1984).
How does the visual system assign the relative positions of
moving objects under these circumstances? Two major classes of
models for the explanation of the relative position shift of the mov-
ing object have been proposed (temporal and spatial models,
Fig. 1). In temporal models, the perceived relative position of the
moving object depends on the latency of visual processing
(Fig. 1B). It assumes that the visual signals of different objectsll rights reserved.
Neurophysiology, National
aiji-cho, Okazaki, Aichi 444-is short, the perceived relative position of the moving object is
close to the relative position of the object in the real world at the
same time. In spatial models, the visual system directly shifts the
apparent location of the moving object in the direction of its mo-
tion (Fig. 1C). It assumes that the motion signals directly inﬂuence
the coded position of the moving object before the perception. In
spatial models, the perceived relative position of the moving object
can coincide with the relative position of the object in the real
world at the same time, in principle.
One of the early examples suggesting the temporal models is
the Hess effect (Hess, 1904): when two physically aligned objects
of differing brightness move in tandem, the brighter object appears
to lead the dimmer object (Hess, 1904; Wilson & Anstis, 1969; Zan-
ker, Quenzer, & Fahle, 2001). Most discussions on the Hess effect
have concluded that the abovementioned illusion is due to the dif-
ferent processing times required to perceive objects of different
luminance contrasts (Kitaoka & Ashida, 2007; Williams & Lit,
1983). Recently, temporal models have been applied to the expla-
nation of the ﬂash-lag effect (please refer to a review, Whitney,
2002). A representative of the temporal models of the ﬂash-lag ef-
fect is the differential latency hypothesis (Purushothaman, Patel,
Bedell, & Ogmen, 1998; Whitney & Murakami, 1998) that states
that the ﬂash-lag effect occurs simply because the visual system
responds with a shorter latency to a moving object than to a ﬂash
stimulus. Sampling (Brenner & Smeets, 2000), asynchronous fea-
ture binding (Cai & Schlag, 2001), attention (Baldo & Klein, 1995),
and misbinding (Gauch & Kerzel, 2008; Kanai, Carlson, Verstraten,
& Walsh, 2009) theories also suggest temporal models. A temporal
model was also used for explaining the Fröhlich effect (Metzger,
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Fig. 1. Temporal and spatial models for localization judgment of moving object. (A) A moving object occurs at time t0 and is perceived at time t1. Latency of t0 and t1 is shown
as Dt. Dx indicates the difference in relative positions of the real object and the perceived object at t1. (B) Temporal models assume the differential latencies of visual objects.
Each visual object has a different latency, whose length depends on the features of the object. When temporal models are applied to the perception of a moving object, Dt
inﬂuences Dx. B represents shortened Dt in comparison with Dt in A. In such case, Dx becomes reduced. (C) Spatial models propose that the visual system directly operates
Dx. Each visual object has a differentDx, whose length depends on the features of the object. C represents shortenedDx in comparison withDx in A, but the length of Dt is not
changed.
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Musseler & Aschersleben, 1998; Musseler & Neumann, 1992) and
the vernier misalignment of rotating line segments (Martin, Boff,
& Pola, 1976).
Historically accumulated data have strongly supported tempo-
ral models. However, spatial models have been developed on the
basis of several illusory phenomena related to the relative position
shift of a moving object. In the related illusory phenomena, the
motion signals near a stationary object change the relative position
of the stationary object as follows. The apparent position of a phys-
ically stationary aperture or window appears to be displaced in the
direction of the enclosed moving texture (De Valois & De Valois,
1991; Ramachandran & Anstis, 1990). Snowden (1998), Nishida
and Johnston (1999) and Whitaker, McGraw, and Pearson (1999)
showed that the motion aftereffect affects the perceived position
of the spatial stationary windmill pattern. Surprisingly, the per-
ceived location of a stationary solid bar is inﬂuenced by motion sig-
nals that originate in the distant regions of another object (Shim &
Cavanagh, 2004; Whitney & Cavanagh, 2000). The aperture and
window, the windmill pattern, and the solid bars that appear to
be displaced in the direction of motion are physically stationary;
therefore, there is no latency difference to be measured. In turn,
no temporal model can explain why the stimulus appears to be
shifted in position, suggesting that the visual system employs spa-
tial models in which the assigned location of the object is directly
inﬂuenced by the motion signals.
Although the ﬂash-lag effect could be due to the temporal
models as described earlier, the illusion may be due to a mecha-
nism that operates strictly in spatial terms. Nijhawan (1994)
proposed the motion extrapolation hypothesis, which posits thatthe visual system uses motion signals to extrapolate the position
of a moving object. The mechanism is predictive and bases its
computations on the past trajectory of the moving object when
a position judgment has to be made. A spatial model was also
indicated by the ‘‘postdiction” theory, which states that the
position of a moving object is determined as a function of what
happens approximately 80 ms after the ﬂash onset (Eagleman &
Sejnowski, 2000, 2007). This mechanism is ‘‘postdictive” and
bases its computations on the future trajectory of the moving
object. In addition, spatial models have been suggested in the
temporal averaging model, which states that the visual system
simply averages the position of moving object by the post-ﬂash
information (Krekelberg & Lappe, 2000). However, the spatial
models have not been sufﬁciently agreed upon with respect to
the relative position shift of a moving object (refer to a special
debate in Nijhawan, 2008).
In this paper, we provide further evidence supporting the use of
spatial models for explaining the relative position shift of a moving
object. Three types of tasks were attempted in this study: (1) a task
in which the starting position of a moving object was compared
with the subsequent position of the moving object, (2) a task in
which the position of one moving object was compared with the
position of another moving object, and (3) a task in which the
position of a moving object was compared with the position of a
ﬂashed object aligned with the moving object (the ﬂash-lag effect).
The three types of tasks were respectively utilized three different
types of apparent motions. The present study will provide further
evidence supporting the idea that spatial models play an important
role with respect to the assignment of the position of a moving
object as well as temporal models.
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Stimuli were presented in a moderately darkened room
(3 cd m2 on average) on a 17-in cathode ray tube (CRT) monitor
(Eizo Nanao, Ishikawa, Japan; viewing area: 31 cm  23 cm, visual
angle: 27.3  21.0) with a refresh rate of 75 Hz and a resolution
of 1280  1024 pixels. The monitor was gamma-corrected by a
software application (Adobe gamma, Adobe systems, San Jose,
CA), and spatially calibrated by manual operation. All the stimuli
on the monitor were controlled by a Windows PC with a graph-
ics-accelerator card (GeForce 6600, nvidia, Santa Clara, CA) run-
ning the Psychlops C++ library for developing a psychophysical
stimulus (refer to http://visiome.neuroinf.jp/). The visual stimuli
were white (80 cd m2) and displayed on a gray background
(2 cd m2). The subjects sat comfortably in a chair in front of
the computer screen at a viewing distance of 60 cm, with their
heads partially immobilized in a chinrest (Handaya, Tokyo, Japan).
The viewing was binocular. The subjects were asked to ﬁxate on a
position of a white cross subtended 0.15 on each arm, located at
the center of the screen. All luminance measures were recorded
with a ColorCALII luminance probe (Cambridge Research Systems,
Kent, England).3. Experiment 1: relative position shift of a moving object in a
line-motion effect
In the present study, three types of tasks were respectively at-
tempted with three types of apparent motions. In Experiment 1,
we attempted a task in which the starting position of a moving ob-
ject was compared with the subsequent position of the moving ob-
ject. For this task, we newly developed the relative position shift of
a moving object by using the line-motion effect. The line-motion
effect occurs in a two-frame sequence: when a ﬂash object (pre-
cue) precedes a static line object, an illusory motion perception
is observed with a line propagating away from the position of
the pre-cue toward the opposite side (Hikosaka, Miyauchi, & Shim-
ojo, 1993). It was reported that the effect resulted from certain
types of apparent motion from the pre-cue to the line (Downing
& Treisman, 1997; Kawahara, Yokosawa, Nishida, & Sato, 1996);
the pre-cue and the line were respectively comparable to the onset
and offset of a motion. Therefore, we performed a task in which the
starting position (pre-cue) of an apparently moving object was
compared with the subsequent position (line) of the object. To eas-
ily distinguish the position of the pre-cue from the position of the
line, the vertical length of the pre-cue was extended as compared
to the conventional line motion stimuli.3.1. Method
Seven subjects (age group: 22–46 years) participated in the
experiment; one of the subjects was the author EW. The remaining
six subjects were unaware of the purpose of the experiment. Each
had normal or corrected-to-normal vision.
The schematic representation of the stimulus is given in Fig. 2A.
The pre-cue was a rectangle subtended 0.75 in height and 0.25 in
width, and the target line was subtended 0.25 in height and 3.5 in
width. The pre-cue was presented just above the center of the
screen. The vertical center of the target line was set to the vertical
center of the pre-cue. The line was presented at right or left side of
the pre-cue. The position of line (left or right) was counterbalanced
and randomly mixed across trials. When the line was presented at
the right, the left edge of line was adjusted to the left edge of
pre-cue (refer to Fig. 2B, middle box). When the line was presented
at the left, the right edge of line was adjusted to the right edge of
pre-cue.A key press by the subject initiated the test; the white ﬁxation
cross was presented for 0.5 s after a 1.0-s delay. Next, the pre-cue
was presented for 1 video frame (approximately 13.3 ms) after a
1.5-s delay. Then, the target line was presented for 1 video frame
with a randomly selected interstimulus interval (ISI) of 0, 1, 2, 3,
4, 5, or 6 video frames. To diminish the inﬂuence of the nearby
white ﬁxation cross on the localization judgment by subjects, the
cross disappeared while the pre-cue and the target line were pre-
sented. Our preliminary study conﬁrmed the illusory effect even
when the ﬁxation cross was presented all the while. After the line
presentation, subjects indicated by pressing one of the two keys on
a keyboard whether the side edge of the pre-cue (left edge when
the line was presented at the right; right edge when the line was
presented at the left) was seen outside (including aligned) or inside
of the side edges of the line (refer to Fig. 2B, a two-alternative
forced choice task). In another experiment using the same stimuli,
subjects indicated by pressing one of the two keys on a keyboard
whether the line appeared simultaneously (stasis) or with motion
(refer to Fig. 2C). The time to answer was not limited. The subjects
carried out 24 trials for each ISI condition, and the data for each ISI
condition were averaged for all subjects.
3.2. Results and discussion
The percentage of trials in which the pre-cue appeared to be
presented inward with respect to the line was considered the
occurrence frequency of the illusion (Fig. 2D, ﬁlled circles). The
occurrence frequency of the illusion was not signiﬁcantly different
from zero at an ISI of 0 video frames (0 ms) as indicated by the con-
ﬁdence interval (t(6) = 1.26, p = 0.25, one-tailed t-test). At all other
ISIs, the occurrence frequency of the illusion was signiﬁcantly dif-
ferent from zero (ISI = 1 video frame, t(6) = 3.63, etc., ps < 0.01). The
illusion started to build up at an ISI of 1 video frame and reached a
plateau at around 4 video frames (approx. 53.3 ms). Here, this illu-
sion is termed the ‘‘kebab” illusion (kebab is a meat dish that is
typically cooked with spit or skewer, refer to http://en.wikipe-
dia.org/wiki/Kebab), because the illusion looks like a meat (pre-
cue) threaded on a skewer (line; refer to Fig. 2B, inside).
Next, the subjects judged the presence of motion perception on
the line (the line-motion illusion) using the same visual stimuli as
the kebab illusion. The percentage of trials in which the line ap-
peared to be drawn from the pre-cue side was considered the
occurrence frequency of the illusion (Fig. 2D, open circles). As in
the case of the kebab illusion, the occurrence frequency of the illu-
sion was signiﬁcantly different from zero at most ISIs (ISI = 1 video
frame, t(6) = 11.88, etc., ps < 0.001) except in the case of 0 video
frames (t(6) = 1.79, p = 0.06), as indicated by the conﬁdence inter-
val. The illusion started to build up at an ISI of 1 video frame and
reached a plateau at around 2 video frames (approx. 26.7 ms). At
least within the ISI used in the present study, the presence or ab-
sence of the line-motion illusion coincided well with the kebab
illusion.
These data clearly indicate that the location of the pre-cue
probably shifts in the direction of the illusory motion. The kebab
illusion appears to be related to the position shifts from the trans-
formational apparent motion (Whitney, 2006). The transforma-
tional apparent motion is an illusion class extended from the line
motion and uses ‘‘pre-cue” and ‘‘line” with a variety of shapes in
a two-frame sequence (Tse & Logothetis, 2002). Whitney reported
that the relative positions of the ﬂash stationary objects inserted
between the two frames shifted in the direction of the perceived
motion. In both cases of the kebab and Whitney’s illusions, the
similar apparent motions induced the relative position shift of
objects. However, the kebab illusion appears to be a novel type
of illusion, because the kebab illusion occurred in the localization
judgment of apparent ‘‘moving” objects, but the relative position
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Fig. 2. Experiment 1, kebab illusion. (A) The subject was ﬁxating a central cross (Fx). At a certain time after the disappearance of the ﬁxation cross, a vertical bar (pre-cue, PC)
appeared at the center. After a randomized time interval (interstimulus interval, ISI), a line (Ln) was presented at the left or the right side of the visual ﬁelds. Dashed lines in
the visual ﬁelds were not displayed in the actual experiments. (B and C) The subject judged whether the pre-cue was distributed on the outside (including aligned) or inside of
the line (kebab illusion, B), or whether the line appeared simultaneously (stasis) or with motion (line motion, C). Gray bars indicate the pre-cue, and solid bars indicate the
line. (D) The occurrence frequency of the illusion (please refer to ordinate in detail) was plotted against the lead time of the pre-cue object (abscissa). Data of the kebab
illusion is shown by closed circles, and data of the line-motion effect is shown by open circles. Data from seven subjects are shown as mean ±95% conﬁdence interval. Twenty-
four trials were obtained for each lead time of a pre-cue in each subject.
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in Whitney’s illusion. When a moving object vanishes abruptly, an
observer’s memory for the ﬁnal position of a previously viewed
moving object is often displaced forward in the direction of motion
(the representational momentum; Freyd & Finke, 1984). The repre-
sentational momentum also differs from the kebab illusion as the
motion in the kebab illusion is preceded by the ﬂash object, whose
position is compared with that of the subsequent moving object.
Therefore, the kebab illusion can also be called ‘‘the backward rep-
resentational momentum.”
As indicated above, the line-motion effect was thought to be
a result of certain types of apparent motion from the pre-cue to
the line (Downing & Treisman, 1997; Kawahara et al., 1996).When this is the case, the pre-cue and the line act as if they
are parts of a single moving object. Considering our stimuli in
the same way (as Kawahara, Yokosawa, Nishida, & Sato, 1996;
Downing & Treisman, 1997), an illusory position-shift effect
inside a single moving object should be noted as one of the
novelties of the kebab illusion.
The illusory line motion was originally described as a measure
of the facilitatory effects of a visual attention gradient (Hikosaka
et al., 1993). Focal attention accelerates visual processing locally,
and hence, visual signals reach the motion detector sequentially,
as in the case of real motion. However, the acceleration of visual
processing by focal attention cannot explain the position shift of
the pre-cue in the kebab illusion.
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ambiguous apparent motion
In the present study, three types of tasks were respectively at-
tempted in three types of apparent motions. In Experiment 2, we
attempted a task in which the position of one moving object was
compared with the position of another moving object aligned with
the former moving object. An ambiguous apparent motion was
constructed by four square-shaped objects with the same size
and located at the four vertices of a lozenge. A pair of objects
aligned vertically was onset or offset of the apparent motion, and
another pair of objects aligned horizontally was the offset or the
onset, respectively (please refer to Fig. 3A and Section 4.1 in detail).
The test stimuli potentially generate four motions—two up-mo-
tions and two down-motions. However, subjects simultaneously
perceived only two motions—one up-motion and another down-
motion located at diagonal position of the up-motion—from among
these four motions. Then, we tested a task in which subjects com-
pared the relative starting (onset) position of two apparently mov-
ing objects aligned vertically. In another task, subjects compared
the ending (offset) positions of two apparently moving objects
aligned vertically.4.1. Method
Six subjects (age group: 22–46 years) participated in the exper-
iment; one of these subjects was the author EW. The remaining
ﬁve subjects were unaware of the purpose of the experiment. Each
had normal or corrected-to-normal vision.
We prepared two types of stimuli of an ambiguous apparent
motion (onset and offset conditions; schematically illustrated in
Fig. 3A). In all conditions, a key press by the subjects initiated a pi-
lot stimulus followed by a test stimulus. In the test stimulus of the
onset condition, a pair of white squares (0.25 on a side) placed
above and below the cross position (vertical distance of 2.0, center
to center) were presented for 1 video frame (approx. 13.3 ms) after
the cross presentation, as described above. To diminish the inﬂu-
ence of the nearby white ﬁxation cross on the localization judg-
ment by subjects, the cross disappeared while the squares were
presented. Our preliminary study conﬁrmed the illusory effect
even when the ﬁxation cross was presented all the while. The hor-
izontal position of each square was randomly selected (0.072,
0.048, 0.024, 0, 0.024, 0.048, and 0.072 from the vertical
center). The two squares were arranged on the opposite angle
across the cross. As a result, horizontal distances between the
two squares were 0.144, 0.096, 0.048, 0, 0.048, 0.096,
and 0.144 with respect to the position of each square. Next, a pair
of white squares (0.25 on a side) placed on the left and the right of
the cross position (horizontal distance of 3.0, center to center)
were presented for 1 video frame after a 5-video-frame (approx.
66.7 ms) delay. The positions of the pair of squares presented later
were ﬁxed.
In order to reinforce that subjects select one motion set (one
down-motion and one up-motion) from the two potential motion
sets (two down-motions and two up-motions), the subjects were
introduced to pilot stimuli in each trial prior to the test stimuli.
For a pilot stimulus, a square above the cross was presented for
1 video frame at ﬁrst, and then, one square randomly selected from
the two squares on either side of the cross was presented for 1 vi-
deo frame after a 5-video-frame delay. After a 400-ms duration, a
square below the cross was presented for 1 video frame, and then,
a square on another side of the cross was presented after a 5-video-
frame duration. This pilot stimulus was repeated three times with
a 400-ms interval. The interval between a pilot and a test stimulus
was 1.6 s. The positions of the squares in a pilot stimulus were thesame as those in a test stimulus. The motion direction in a pilot
stimulus was randomly selected, and the number of squares in
each direction was counterbalanced. In a two-alternative forced
choice (2AFC) task, subjects had to judge whether the position an-
gles of two vertical squares were right-handed or left-handed.
There were 20 trials for each position and a total of 140 (20  7)
trials for each subject. In the offset condition, the pair of squares
aligned horizontally were presented ﬁrst, and the pair of squares
aligned vertically were presented subsequently. Point of subjective
equality of each subject was calculated by a Probit analysis (Finney,
1971) and averaged.4.2. Results and discussion
The positive value of the magnitude of the illusion was deﬁned
as a position shift in the direction of motion (please refer to
Fig. 3C); the ‘‘left or right” response of the subject was translated
into a ‘‘positive or negative” value according to the direction of mo-
tion of each test stimulus. The illusion magnitudes of the onset and
offset conditions are shown in Fig. 3B. The magnitude was signiﬁ-
cantly larger in the onset condition than in the offset condition
(t(5) = 2.18, p < 0.05). In one of the subjects, the magnitude was
smaller in the onset condition than in the offset condition. The illu-
sion magnitude was signiﬁcantly different from zero in the onset
condition as indicated by the conﬁdence interval (t(5) = 3.35,
p < 0.01), but did not differ in the offset condition (t(5) = 0.52,
p = 0.31).
The data clearly indicated that each starting object shifted in
the motion trajectory (onset) and that each ending object did not
shift in the motion trajectory (offset). If the onset condition is re-
garded as a stroboscopic Fröhlich effect and the offset condition
is regarded as a stroboscopic representational momentum, the data
can be interpreted as the stroboscopic Fröhlich effect was observed
but the stroboscopic representational momentum was not
observed.
In this experiment, since pilot stimuli were presented 1.6 s be-
fore the test stimuli, the motion aftereffect (Wohlgemuth, 1911)
induced by the pilot stimuli could occur during the test stimuli
to a greater or lesser extent. The underestimated effect of the test
stimuli induced by the motion aftereffect in the opposite direction
of the apparent motion must be taken into account.
In a related illusion to that in Experiment 2, the position capture
effect induced by the bistable quartet motion was studied by Shim
and Cavanagh (2004). In their experiments, the inﬂuence of the
bistable quartet motion on the perceived position of the nearby
stationary objects was studied. It was found that an illusory posi-
tion shift was observed only when the ﬂashes were adjacent to
the path where motion was perceived. While the illusory effect
of Experiment 2 is involved in an issue of the relative position of
a moving object, the position capture effect is involved in an issue
of the relative position of a stationary object away from the mo-
tion. The position comparisons were performed between station-
ary objects in both studies; therefore, it is difﬁcult for enhanced
or lagging visual processing to explain the illusory position shift
of stationary objects emerged in ambiguous apparent motions.5. Experiment 3: ﬂash-lag effect by a simplistic apparent motion
In the present study, three types of tasks were respectively at-
tempted in three types of apparent motions. In Experiment 3, we
attempted a task in which the position of one moving object was
compared with the position of a ﬂashed object aligned with the
moving object (the ﬂash-lag effect). The stimuli were constructed
by square-shaped objects with the same size. The use of objects
with the same symmetrical shape potentially induced variant
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Fig. 3. Experiment 2, illusory mislocation of a motion object in an ambiguous apparent motion. (A) In order to reinforce that the subjects select one motion set (one down-
motion and one up-motion) from two potential motion sets (two down-motions and two up-motions), pilot stimuli were introduced in each trial prior to the test stimuli.
After the introduction of the pilot stimuli, the subject ﬁxated a central cross (Fx). At a certain time after the disappearance of the ﬁxation cross, a pair of squares arranged
above and below (onset) or left and right (offset) of the center of the display was presented. At a certain time after the disappearance of the pair of squares, another pair of
squares arranged left and right (onset) or above and below (offset) of the center of display was presented. The subjects judged whether the position angles of two vertical
squares were right-handed or left-handed. The positive value of the magnitude of illusion was deﬁned as the position shift in the direction of motion. The point of subjective
equality was determined as the measure of the perceived mislocation for each subject. (B) The magnitude of illusion in the onset and offset conditions is shown. Data from six
subjects are shown as mean ±95% conﬁdence interval. (C) A schematic representation of the illusion. Starting objects (onset), but not the ending objects (offset), of the
ambiguous apparent motion are perceived to be shifted to the subjective motion direction. White arrows indicate the directions of apparent motion.
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E. Watanabe et al. / Vision Research 50 (2010) 2381–2390 2387motions in the atypical diagonal trajectories (dashed arrows in
Fig. 4C) in addition to the horizontal trajectory (The subjects were
instructed to note the horizontal motion in this experiment.). In
the past experiments of the ﬂash-lag effect, the two objects were
presented as different shapes in order to prevent an ambiguity be-
tween the ﬂash and the motion objects. In exchange for the ambi-
guity, the look-alike features of apparently moving and ﬂashed
objects in Experiment 3 most likely reduced the differential latency
of the visual processing of the two objects. Then, we examined the
magnitudes of the ﬂash-lag effect in the onset, offset, conventional
ﬂash-lag, and reverse conditions.ONSET OFFSET
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Fig. 4. Experiment 3, ﬂash-lag effect of a simplistic apparent motion. (A) The subject ﬁ
stimuli were presented in each condition: onset, offset, ﬂash-lag, and reverse condition
center of the screen and a following object that was randomly selected from four posit
object that was randomly selected from four positions (dashed boxes) and a pair of squ
successively. In the ﬂash-lag condition, a leading object that was randomly selected from
the center of the screen, and the last object located at the opposite side of the leading ob
randomly selected from four positions (dashed boxes), a pair of squares that was arrange
position of the leading object were presented. In a two-alternative forced choice (2AFC) ta
square at the center. The point of subjective equality was determined as the measure of t
conditions are shown. Data from six subjects are shown as mean ±95% conﬁdence interva
horizontal motion (solid arrows). Dashed arrows indicate the potentially perceivable mo
observed under conditions other than the offset condition.5.1. Method
Six subjects (age group: 22–46 years) participated in the exper-
iment; one of these subjects was the author EW. The remaining
ﬁve subjects were unaware of the purpose of the experiment. Each
had normal or corrected-to-normal vision.
The schematic representation of the four conditions (onset,
offset, ﬂash-lag, and reverse) used in this experiment is given in
Fig. 4A. The ﬂashed and apparently moving objects were white
squares of the same size (0.5 on a side). In all conditions, a key
press by the subject initiated the trial, and then, a ﬁxation crossFLASH-LAG REVERSE
REVERSEFLASH-LAG
ESREVERLASH-LAG
xated a central cross (Fx). After the disappearance of the ﬁxation cross, sets of test
s. In the onset condition, a pair of squares that was arranged above and below the
ions (dashed boxes) were presented successively. In the offset condition, a leading
ares that was arranged above and below the center of the screen were presented
four positions (dashed boxes), a pair of squares that was arranged above and below
ject were presented successively. In the reverse condition, a leading object that was
d above and below the center of the screen, and the last object located at the same
sk, subjects judged whether an apparently moving square at the center led the ﬂash
he perceived mislocation for each subject. (B) The magnitudes of illusion in the four
l. (C) A schematic representation of the illusion. Subjects were instructed to note the
tions caused by the use of the same square-shaped objects. The ﬂash-lag effect was
2388 E. Watanabe et al. / Vision Research 50 (2010) 2381–2390appeared after a 1.0-s delay. The cross was presented for 1.0 s;
then, the square(s) appeared after a 0.5-s delay. To diminish the
inﬂuence of the nearby white ﬁxation cross on the localization
judgment by subjects, the cross disappeared while the squares
were presented. Our preliminary study conﬁrmed the illusory ef-
fect even when the ﬁxation cross was presented all the while. Sub-
jects were asked to ﬁxate on the position of the white cross during
each trial.
In the ﬂash-lag condition, the apparently moving squares occu-
pied three positions over 9 video frames (approx. 120 ms, each pre-
sentation of 1 video frame and each interval of 3 video frames);
these squares were arranged on a horizontal plane at equal inter-
vals (4.32, center to center). The apparently moving squares at
the second position and a ﬂashed square appeared simultaneously
at the horizontal center of the screen. The apparently moving
squares were presented at ﬁxed positions, whereas the horizontal
position of the ﬂashed square was randomly selected (0.192,
0.144, 0.096, 0.048, 0, 0.048, 0.096, 0.144, 0.192,
0.24, and 0.288; the plus sign indicates the motion direction).
The vertical distance between the ﬂash square and the ﬁxation
cross was the same as that between the apparently moving square
of the second position and the ﬁxation cross (2.3 each). The ﬁrst
apparently moving square appeared to be randomly selected from
the left-top, the left-bottom, the right-top, or the right-bottom
squares (dot-lined boxes in Fig. 4A). In other words, the apparently
moving and ﬂashed objects changed places at random. In a two-
alternative forced choice (2AFC) task, the subjects had to judge
whether an apparently moving square at the second position led
the ﬂash square. There were 20 trials at each position and a total
of 220 (20  11) trials for each subject. In the reverse condition,
the third apparently moving square was returned to the ﬁrst posi-
tion. In the offset condition, the third apparently moving square
was omitted. In the onset condition, the ﬁrst apparently moving
square was omitted. Point of subjective equality of each subject
was determined as described above and averaged.
5.2. Results and discussion
The position shift in the motion direction was deﬁned as the
positive illusion. In the case of the reverse condition, the position
shift in the last motion direction was deﬁned as the positive ef-
fect. The illusion magnitude was not signiﬁcantly different from
zero at the offset condition as indicated by the conﬁdence interval
(t(5) = 0.89, p = 0.21). In the case of all other conditions, it was
signiﬁcantly different from zero (onset, t(5) = 2.45, p < 0.05;
ﬂash-lag, t(5) = 3.46, p < 0.01; reverse, t(5) = 2.34, p < 0.05). In
one subject, the magnitude was smaller in the onset condition
than in the offset condition. The differences between the illusions
of the offset condition and any one of the other conditions were
signiﬁcant (onset versus offset, t(5) = 2.14, p < 0.05; ﬂash-lag,
t(5) = 2.94, p < 0.05; reverse, t(5) = 2.04, p < 0.05); however, no
other paired comparisons differed.
The result indicated that the position shift was detected in con-
ditions other than the offset condition. Similar results were re-
ported in a number of previous studies on the ﬂash-lag effect
(please refer to a review, Nijhawan, 2008). Several conditions in
Experiment 3 were rather similar to the conditions used in studies
by Rizk, Chappell, and Hine (2009), in which the ﬂash-lag effects of
an apparent motion were studied by using asymmetrical triangles.
However, unpredictability in the onset condition of the present vi-
sual stimuli should be noted in particular (Fig. 4A, onset). Because
the moving object and the ﬂashed object have the same symmetri-
cal shape in the present study, subjects cannot ﬁgure out which
object is the moving object and which direction is the motion
trajectory at the time of onset. Therefore, the present data of onset
condition strongly support one of the spatial models, the‘‘postdiction” hypothesis (Eagleman & Sejnowski, 2000, 2007) that
postulates that the localization estimate of an object is shifted in
the direction of motion signals collected after the emergence of
the object.
6. General discussion
Hypotheses to explain the relative position shift of a moving ob-
ject have been classiﬁed roughly into temporal and spatial models,
as described in Introduction. Temporal models propose that the
illusion is due to the differential times for the information process-
ing of two target objects, whose relative positions are judged by
the subjects (Fig. 1B). Recently, the related illusory effects that
are difﬁcult to explain by using temporal models have been re-
ported (Whitney, 2002), and spatial models have emerged as the
alternative hypothesis. According to the related illusory effects,
the relative positions of stationary objects were inﬂuenced by mo-
tion signals derived from the other objects near the stationary ob-
jects. Even if each stationary object has a differential latency for
perception, the onset time of perception will vary among them,
but that cannot explain the relative position shift of the stationary
objects. In contrast, since spatial models assume the existence of
information processing to directly edit the coded relative position
of a moving object (Fig. 1C), the relative position shift of stationary
objects is well explained by spatial models. All the present exper-
iments, Experiments 1, 2, and 3, presented the relative position
shift of a stationary object—the stationary pre-cue in Experiment
1 and the stationary square in Experiments 2 and 3. Therefore,
these data emphasize the value of further studies on spatial
models.
6.1. Onset versus offset
Experiments 2 and 3 indicated that the relative position shift of
a moving object preferred onset conditions. The advantage of the
onset conditions for the illusory phenomena is also reported in a
discussion on the ﬂash-lag effect (Chappell, Hine, Acworth, & Hard-
wick, 2006; Eagleman & Sejnowski, 2000, 2007; Rizk et al., 2009).
The illusory position shift in motion onset was also clearly ob-
served in a study on the Fröhlich effect (Fröhlich, 1923). Why does
the illusory position shift tend to occur in onset conditions rather
than offset conditions?
The postdiction hypothesis (Eagleman & Sejnowski, 2000, 2007)
among spatial models well explains the advantage of the onset
conditions in Experiments 2 and 3. Because the postdiction
hypothesis bases its computations on the future trajectory of the
moving object, the illusory effect does not occur under the offset
conditions in which there is no motion in the future. In the kebab
illusion, the pre-cue as the onset of motion was shifted in the
direction of motion trajectory. Because the subsequent line was
presented randomly at the right side or the left side of the display
(Fig. 2A), subjects cannot ﬁgure out which direction is the motion
trajectory at the time of onset. Therefore, the present data of the
kebab illusion also support the postdiction hypothesis.
However, the postdiction hypothesis appears not to account for
several illusory effects concerning the relative position shift of a
moving object. For example, moving objects with ambiguous edges
caused a position shift even under the offset condition (Fu, Shen, &
Dan, 2001; Soga, Akaishi, & Sakai, 2009). These phenomena were
well explained by a combination of the postdiction and the motion
extrapolation hypothesis (Soga et al., 2009). The ambiguous stimuli
may decrease the accuracy of visual prediction by the postdiction
mechanism. Consequently, such specialized offset conditions could
elicit the illusory effect by the motion extrapolation mechanism
which bases its computations on the past trajectory of the moving
object. The representational momentum also showed that the
‘Passive’ sensory signals
‘Active’ prediction signals
Top-Down
Bottom-Up
physical
prediction error
perceived
E. Watanabe et al. / Vision Research 50 (2010) 2381–2390 2389offset position of moving object was shifted in the direction of the
motion trajectory (Freyd & Finke, 1984). In the case of the repre-
sentational momentum, the offset position retained in subject’s
memory was compared with the position of the subsequently pre-
sented stationary object. The time lag of the compared two objects
is a potential ambiguity for the subjects, suggesting again a combi-
nation of the postdiction and the motion extrapolation hypothesis.
Degree of the contribution to the illusory effect is uncertain, but
the motion extrapolation hypothesis should not be excluded.Fig. 5. Delta model. Two types of signals (top-down and bottom-up) are assumed in
this model. Top-down signals are hypothesized to be derived from a higher level of
the visual system and represent the predictive visual information. Bottom-up
signals are hypothesized to be derived from a lower level of the visual system and
represent the original sensory information. Subtraction occurs between the two
signals; the resultant prediction error (D) is input to a higher level of the visual
system that operates the top-down signal to minimize the prediction error. In the
case of the localization judgment of the moving object, D represents Dx as shown in
Fig. 1.6.2. Temporal models versus spatial models
As described in Introduction, temporal models have been sup-
ported by many studies on the relative position shift of a moving
object. In addition to motion deﬁned as a temporal change in posi-
tion, other smoothly changing features such as color, luminance,
spatial frequency, pattern entropy (Sheth, Nijhawan, & Shimojo,
2000), and changing words (Bachmann & Poder, 2001) were simi-
larly deﬂected. The continuously changing item led the ﬂashed
item in the feature space. These changing features did not include
a retinotopic change in the space; therefore, they should be repre-
sented in a temporal framework. Furthermore, electrophysiological
studies of the population responses of neurons in the primary vi-
sual cortex of a cat also strongly suggest the existence of temporal
models (Jancke, Erlhagen, Schoner, & Dinse, 2004). The population
response of the primary visual cortex indicated that the latency for
a moving stimulus is shorter than the latency for a single ﬂash
stimulus. Temporal models should not be excluded, although care
should be taken when physiological data are accompanied with vi-
sual illusions as a matter of course.
Is it impossible for temporal models to coexist with spatial
models? There are clear differences between the two classes of
models. Temporal models assume a differential processing time
for each object in the visual ﬁeld. This idea appears to be based
on the parallel processing of the visual information. In turn, tempo-
ral models operate only on the local information of each object. On
the other hand, spatial models operate on the relative position
among objects. In turn, spatial models involve the accessing of mo-
tion signals over large regions of the visual ﬁeld. Therefore, it is
conceivable that the two classes of models coexist in a comple-
mentary fashion. This view emphasizes the necessity for a novel
model incorporating both temporal and spatial concepts.7. Perspective
Although the exploration of novel mechanisms may be beyond
the scope of the present study, our conclusion strongly suggests
that any models incorporating temporal and spatial models will
contribute to future research in this area. We therefore propose a
simple conceptual model as follows:
Spatial models suggest that motion signals interpose and alter
the position information that is originally derived from sensory or-
gans. Perceived vision appears to be based on this altered position
information. Consequently, there exists a second signal other than
the ‘‘bottom-up” sensory signals closely related to the physical po-
sition information. A conceptual model, delta model’, is shown in
Fig. 5. In this model, the ‘‘top-down” signals as the second signal
representing visual prediction are proposed in addition to the ‘‘bot-
tom-up” sensory signals. The delta model hypothesizes subtraction
between the two signals, and the resultant difference (delta) as the
prediction error enter the ‘‘top” that operates the ‘‘top-down”
signals for the reduction of delta. In the case of the perception of
the moving object, D represents Dx, as shown in Fig. 1. Spatial
models postulating the direct operation of Dxmay speciﬁcally con-
tribute to the ‘‘top-down” signals. In contrast, temporal modelspostulating the operation of Dt throughout the visual system
may contribute to both signals; decrease of Dt is expected to en-
hance the accuracy of prediction. One of the notable points of the
delta model is that delta as an error signal potentially involves er-
ror learning on the visual system. This type of learning model has
long been proposed in the motor system of the brain (Ito, 2006,
2008; Wolpert, Miall, & Kawato, 1998); the delta represents the
prediction error of the motion trajectory planned by the cerebel-
lum. Recent physiological and theoretical studies have also sug-
gested that the reward system of the brain utilizes a similar
mechanism (Kobayashi & Okada, 2007; Schultz, 1998; Schultz &
Dickinson, 2000); the delta represents the prediction error of the
reward expected by the dopamine system. Even in the visual sys-
tem, a similar mechanism was proposed as a learning theory
(Kawato, Hayakawa, & Inui, 1993).
One of the main targets of future research in this ﬁeld will be to
clarify how the two types of models—temporal and spatial mod-
els—contribute to a variety of mislocalizations induced by visual
motion. Given that the two models coexist, more studies are re-
quired for exploring an integrated mechanism of visual localization
as a delta model that must necessarily explain how the visual sys-
tem processes motion information and generates our perception.Acknowledgments
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